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Fiy. 1 Considerations for lunar base atlas.

7troduction

Of nineleen lunar surface sHes ex-
lored to date, a diversity of features
nd characteristics have been exam-
ed. If the first lunar “resource” is
Information, then the utility of a locale
 the In-situ and observational scl-
nces will rank high, Early site selec-
on wlll be governed by safety, acon-
my, and Immediate utility of the fe-
ources already known. Later site
elections wlll depend on new knowl-
dge of all types of resources (Fig. 1).
Present discussion of base sites is
riven most strongly by {he sclentific
ommunity with consideration to engl-
eering feasibility and eventual re-
ource utilization. lunar geology, lu-
ar geophysics and otheor disciplines
oncerning the Moon and its environs
selenology) dominate one branch of
clentific utilizatlon, while use of the
foonas a platform for astronomy,
pace physics, Earth and solar obser-
ations dominates the other branch.
werlylng any discussion of she selsc-
on for those uses are the sultabllity
1 local terrain, viewing of the Sun,
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Earth and heavens, availability of
energy and heat rejection paths, and
local material resources.

One of the earliest discussions of
lunar base location was put forth in
1920 by RobertH. Goddard, a pioneer
In American rocketry. He noted, “The
best location on the Moon would be at
the north or south pole with the [pro-
pellant] Hquefier in a crater, from which
the water of crystallization may not
have evaporated, and with tho [solar)
power plant on a summit constantly

K. 2 Sinuous | tadley Rille was tha landing slle for Apollo 15, locajed near the hottom-centre adgo of
s photograph. North Is 10 tho right, the Apenninos lay 1o the East, just off tho bottom edge Akthough
wro may bo more optimal lunar base sitos, Hadlay Rilie would be a reasonable choice

wlll offer different explanations If vola-
tiles are found at the poles. Recent
ground-based radar indications of the

weakens some arguments against the

voirs. Scarcity of these types of reduc-

the major geologic phases of the

versity Important.

talnly for surface operations, and per-

talnly will, but a thorough fighting sur-

Lunar Base

Speculation with regard to a permanent lunar base has been with usslnce
Robert Goddard was working on the first liquid-fuelied rockets In the 1620's.
With the infuslon of data from the Apollo Moon filghts, @ onoa speculative
area of space exploration hasbscome an exciting possibllity. A Moon base
Is not only a very real possiblilty, but Is probably acritical element In the
continuation of our piloted space programma. Thls article, originally drafted
by World Space Foundation voluntesrs In conjunction with various aca-
demlic end research groups, examinss some of the strategles |nvolved In
selecting an appropriate alte for sush a lunar base. Site setection involves
a number of complex variables, Including raw materials for possible rocket
propellant generation, hot and cold cycles, view of the sky (for astronomi-
cal conslderations, among others), geological makeup of the region, and
wre. This article summarizos tho Key base siting considerations ond suggests some alternatives. Avallability of
pocific resources, Including energy and certalnmlnerals, s critical t0 success,

exposedio the Sun, Adequate protec-
tlon should, of course, be made
agalnst meteors, by covering the es-

sentlal parts of the apparatus with
rock,” (see p. 405, upper picture).
Many would stiil credit him with a valid
conclusion, even though geologists

possibility of ice near Mercury’'s poles

possibility of lunar polar ice by sug-
gesting that solar wind erosion may be
less Important than proposed in limit-
Ing ice buildup.

tarly locales with diverse malerials
are likely to outrank locales with the
highest concentration of a single de-
sired substance. The exception may
be any site with aconcentration of
hydrogen or carbon in some form,
such as Ices or subsurface gas reser-

ing agents has come fobe the domi-
nant limitation In most discussions of
lunar resource utilization.

Geologists wanl 10 sample and rec-
ord a diversjty of terrain representing

Moon’s formation and evolution. Mare
and highland sampling at many sites
Is considered essentlal, with age di-

Energy Is another resource, cer-

haps even for export, If nuclear powor
Is unavallable at the required levels,
energy storage equipment for the 14-
day night Is Important, High crater rims
and peaks near both poles may offer
near-constant solar [lllumination, and
modest towers at these locations cer-

vey has yet to be conducted to pin
down the besilocations.

Any location on the Moon would do
for a partial gravity test facliity for life

Portions of work reported here were perornied
al tho Jet Propuision Laboratory, Celifomia In-
stitute of Technology, supported by the National
Asconautios and Space Administration. The au-
thots gratefully ® knowledge the priorwork of
many others relerencad h tha original publica-
tion, adapted hers with permission of the World
Space Foundation
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sciences Investigations. For pholo-
sensitive organtsms, polar locations
could offer piped-in sunlight on eny
day-night cycle researcher might
choose,

Fitght mechanics into and out of a
base site can be an Important consld-
eralion. Equatorial and polar sites are
favoured for thelr near-constant ac-
cess|blility.

Slopes and terraln features can bo
resources themselves. Slopes offer
favoured lllumination and shadowing,
while craters offer natural depres-
slons for astronomical Instruments,
barriers to lander exhaust-driven
debris, reactor shields and other uses.
Elevation differences also figure Into
some energy storage schemes.

Surface mobllity wlll Influence sllo
selectlon by dictating the range d ac-
cessibllity from a core base siie, Sub-
sldlary sites can serve a variety 01 spe-
clalized purposes, such as mining
where different ores are accessible,
Sensitive astronomical instruments
will nood to be away from frequent sur-
face actlvities. After accounting for
the diffraction of the signals of these
activities, we find that if a main base is
located near the limb as viewed from
Carth (il.e., 90 degrees longitude), a
subsidiary site at about 101 degrees
east or west longltude affords suffi-
cient radio Isolation from Earth at the
limits of the Moon’s east-west libration
(or “wobble”).

If we had to choose a site today and
be certain of a workable, if not at all
optimal locale, the Apollo 15 landing
site at Hadley Rille (fig. 2) would be a
reasonable choice. But we can afready
see superior sites, though we do not
know precisely where itis safe to put
the base’s first landers down. Virtually
all investigators agree on the wisdom
of a lunar polar orbiter with suitable
composition-measuring instruments
plus Imaging, Surface rovers may be
advisable at “finalist” sites, while tele-
operated (remotely controlled) rovers
will surely play an important role in
exploration from any base site, Early
missions could even be used to build a
cache of some useful product, such as
oxygen, for use by later human explor-
ers,

As important as further lunar recon-
nalssance is, terrestrial development
and testing of alternative resource
extraction processes Is essential.
Operation of one or more lunar baso
analogs (as in ground-based simula-
tions) would offer invaluable experi-
ence at & fraction of the cost of making
mistakes on the Moon. Determination
of the most workable and economical
resource extraction processes will
influence any resource-driven site
solection.

SPACEFLIGHT, Vol. 35 December 1W3

Fig 3 Lunal oulpost site near Maro Smythli

Base Selectlon Criterla

The search for potential lunar base
sites is a complex underteking. There
are widely dispersed lunar sites of
Interest for known and potential re-
sources, selenology (the science ot
the Moon and Its environs), and obser-
vatories. Important characteristics
Include certain geological and {opo-
graphlc features, local mineral and
rock composition, solar illumination,
view of Earth and tho celestlal sphere,
and soil engineering properties (in-
cluding usabllity as a construction
material, etc.), Space vehicle arrival
and departure trajectories favor equa-
torial and polar sites. Over time, base
sites will be developed serving differ-
ent purposes. information may be tho
Initlal lunar “resource,” in the form of
observational and on-site research.
Resource-driven slles may see the
fastest growth during early decades of
lunar development, but selection of
initial sites is likely to be driven by
suitability for a combination of activi-
ties.

Only equatorial locations offer
nearly all-sky views for astronomy,
while most of tho far side offers radio
isolation. Such Isolation could offer
radio astronomers a view of the uni-
verse unfettered by television broad-
casts and a host of other terrestrial
Interference, A base in Mare Smylhll
(Fig.3) with subsidiary outposts would
be favorable for a variety of pur-
poses, and would proserve a broad
resource flexibility. Discovery of ac-
cessible volatlles (substances which

rmetho

are easily vaporized, such as hydro*
gen, water and carbon dloxide, which
often turn out 1o be useful for sustain-
ing life and making rocket propel-
lants), in the form of polar permafrost,
subsurface gas reservoirs, or comet
impact remnants, would dramatically
increase the attractiveness of such a
she from & logistical support arrd sele-
nological point of view. For example, a
ready source of waterice would alfow
the manufacture of hydrogen and
oxygen for thetrip home or to of her
destinations (It should be noted thal
no reliable evidence of such volatiles
exists). With the availability of near-
constant sunlight for power genera-
flon and permanently shadowed areas
at cryogenic temperatures, polar sites
require substantially loss Earth-
launched mass and lower equipment
complexity for an Initial base. Polar
sltes are, however, scientifically less
interesting with their limited view of the
sky and absence of important types of
terrain common at lower latitudes.
Reliable evidence exists for areas of
certain mineral concentrations, such
asilmenite, which could form a feed-
stock for someproposed resource
extraction schemes, In addition to
belng a sowce for oxygen and iron,
ilmenite (composed of iron, titaniwm,
and oxygen) harbors higher concen-
trations of solar wind-implanted hy-
drogen, carbon, nitrogen and helium.
These elements were apparently ex-
hausted from the Moon during its for-
mation and evolution, but minor con
centrations have collected out of the
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tenuous plasma discharged from tho
Sun and driven across the Solar Sys-
{em as the Solar wind. New data from
a lunar polar orbiter are essential for
the most Informed site selection.
Data from the first Galileo flyby have
already revealed previously un-
known features and will aid surface
mineralogical characterization.

The Present Understanding of the
Moon

The last unmapped region of the
Moon, near the south pole, was pho-
tographed during the December 8,
1990 Galileo flyby, but there Is a great
deal more that would be helpful to
know In selecting base sites, From
Ranger through Apollo the trend has
been to open up misslon constraints
to afford better scientific opportuni-
ties. Apollo 11 was sent to a flat mare
region for safety. In contrast, the
Apollo 17 site was selected for Its
geological diversity within a small
area (Fig.4).

I-he last three Apollos carried a set
of orbital Instruments designed to
map the surface et fine resolution and
infer Its composition, but near-equa-
torlal orbits limited their coverage to
less than 20% of the Moon. Crude
geologle maps of the entire surface
havo been constructed from the best
avallable data of all types.

size distribution, sizo 01 embedded
rocks and other mechanical proper-
ties.

While compositional propertles may
be iess Important than local topogra-
phy and soil mechanics durlng tho
earnest lunar operations, composl-
tion will domlinate once resource de-
velopment begins. Gomposltionalin-
formation Is therefore highly desir-
able even before choosing the first
base site,

Multispectral remote sensing from
orbit provides needed regional data,
after which surface traverses are
best tor detalling the most promising
locales, Long range rovers teleoper-
atod from Earlh carrying Imaging,
geochemical and geophysical instru-
ments, would bo sultable for both scl-
enlific and resource she reconnals-
sance. Use of these rovers could
continue during base build-up.
Depending on a short list of candi-
date sltes, different kinds of local In-
formation may be useful for selecting
a final site. For a polar site, an orbiter
with altimetry and metric Imaging
could perform a survey of varying
surface lighting conditions for slting
solar power generators, radiators
and Instruments. In the event an or-
biter detects indicatlons of volatiles
near one of the poles, surface explo-
ration may be required for precise

Information needed for selecling Fig. 4 Arrow Indicates 1110 Apotio 17 tandg site hear  focation. In a slmilar fashion, it could
the best base sites depends on the variety of geologically interesting formations. prove useful to explore volcanic ar-
objectives of these bases. However, . i} _

some kinds of data are required for
nearly any base. local topography is
an obvious need, and most Investiga-
tors agree thal, except for the immedi-
ate vicinity of the Apollo sites, present
informatlon is inadequate. Even with-
oul elevallon data, posltlons of fea-
tures are typically uncertain by 1-3 km
on the near side, by 3-6 km poleward
of 65 degrees {atitude, and by '3-15 km
on the far side (It is Important tore-
member, though, that terrestrial ex-
plorers seldom knew their locations a
fraction as accurately).

An orbiting laser altimeter and a
melric camera system offer the pre-
ferred means for Improving lunar lopo-
graphicmaps. Knowing topographic
obstacles s essential for safe ap-
proach from and departure to orbit, as
wellas for designing solar power and
thermal radiation Installations for a
specific site. Spatlal resolution of 1
meter or better is preferred to cerlify
landing sites.

1 he next most important new Infor-
mation probably concerns the subsur-
face mechanical properlies, to a depth
of at least a meter, that affect digging,
foundation-building and other prepa-
rations al any speclfic site. Where
mining is contemplated, such informa-
tion is important to a greater depth.
Though the lunar surface has been
somewhat homogenized by Impacts, It
does vary in state of compaction, grain

Surface Transportation

lunar Oulpostis the title of a publication that deplcts concepts developed
during the Lunar Base Systems 8tudyundertaken by tho Advanced
Programs Oftlce, Inthe Engineering Directorate of tho Johnson Speace
CentOr, In 1988-88, it wasrecognised at the timo that tho spacecraft
concepts presented may not be the ones that will eventually fly and that
some of tho elements described may not even be built.its purpose was not
to present a preferrod path or “road map” to the Moon, but to enlighten tho
reador on tho needs of lunar oxploration and development, and to challengo
the reader to formulate new ldeas and concepts, We prosont here tho soction

on ‘Surface Transportation’.

Lunar surface transportation is
designed to move people and equip-
ment to accomplish local objeclives
and perform long distance missions
Including the mapping and surveying
of future mining and resource sites.
Other construction tasks, such as
excavation or large equipment assern-
bly, will be accomplished by specially
designed construction equipment.

The operating conditions for surface
vehicles wlll be very different from
terrestrial travel conditions. 1 heMoon
has one-sixth tho gravity of[ arth,
practically zero atmosphere, cxtreme
temperature swings (10? K 10384 K,
or -250°F to 1257°F, at the Apollo 17
site), and atmost no magnetic field to
provide protection from radiation. The
vehicles required for lunar operation
must not only survive this environment
but do so over many years.

When humans return to the Moon,

the surface vehicles will be designed
with the help of pasl experience -
Apollo missions 11, 1 ? and 14 1through
17, and the unmanned Soviet | unok-
hod 1.

Two types of transportation vehicle
will be required during the buildup
phase of the lunar outpost: an unpres-
surised rover for local transportation,
and a pressurised vehicle for fong-
range travel!

The local rover, LOTRAN (local
transporlation vehicle, unpressur-
ised),1s designed for a range of 100 km
with a maximum speed of 15 km/hlls
passive suspension In the form of
metal-clastic wheels simplifies the
design by reducing the number of
moving parls and opportunities for
failure. The vehicle is fully articulated
at two joints, allowing for obstacle
avoidance and/or negotiation. It can
carry two crewmembers plus 850 kg of
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unit will bo moved 1o the efte in the background and buried for protection fion meteopimpacts WNASA wtwork by Ial Rawlings.
1
[ 4]
eas, such as the region around Aris- which could make natural base shel- Malerie! Reosources
tarchus, for possible vents and asso- ters and other physical and composi- Flrst consideration of tmateiial re-
lava tubes

ciated mineral lzation,

MOSAP and LOT RAN vehicles on a scouting
mission JSC/NASA
payload or two additional crewmem-
bers, depending on the task regqulre-
ments. The second Joint can be discon-
necled for trips hotrequlring the trailer
section,

The pressurised vehicle system,
MOSAP (mobile surface application
traverse vehicle), has a maximum
1 tinge of 3000 km with a nominal speed
of 10 km/h, It also has a passive sus-
pension in the form ofcone wheels,
The complete system is a four-piece
modular design to allow flexibllity In
mission planning. Each of the four
units can be Individually operated or
connected In the train configuration
shown below and controlled by the first
unit, the primary control research
vehicle (PCRV). The units following
the PCRV are the habitation trailer
unit, the auxlliary power cart, and the
experiment and sample trailer, Most
tasks, such as crew transfer and
medium distance survey or sample
collection, will require only the PCRV.

Extremely long traverses willl be
accomplished by using a landing craft
with crew module flying round trip from
lunar orbit. Basing the landing crafl at
the outpost and “hopping” from site to
site would not be as energy efficlent.
Reference

John Aked sf al, Lunar Outpost, Johnson Space
Center 1989.
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Fig 5 The area around the young orater Arie

support local operations. At least
meter-deep (and preferably deeper)
regolith (loose soil) is desirable for
burying Inltial habitation structures to
sullable depth for long term cosmic ray
and solar flare shielding. Two meters
of 100so material protecting inhabited
structures  from all  directions,
achieved by a combination of trench-
Ing and burying, is considered ade-
quate. Mechanical properties should
of fer easy excavation. limenite-rich
mare (lunar “sea”, or lowland) soll
provides slightly superior radiation
protection for a given thickness than
lower density highland material, but
this Is not likely to be declslve advan-
tage In base construction.

Second consideration is given to
reducing the need for costly importa-
tion ©f terrestrial malerial for functions
easily replaced by lunar material.
Perhaps the simplest processed lunar
material is cast basalt (a family o!
Igneous rocks common to the Earth
and Moon, formed when certain types
of lava cool on the surface. An example
of basalls are the majority of the
Hawaiian Islands and lunar maria).
Results from Earth-based testing Indi-
cato that basalts appear to be of sult-
able composition to be melted, poured
Into forms, and cooled iInto bricks and
more complex structural forms. It can
also be spun Into Insulating rock wool,
as has been done In some terrestrial
industries for decades. Melting and
sintering (heating and forming without
melting) temperatures are about 200
degreos celslus less for lowland mare
basalts than for typlcal highland mate-
rials, arrd therefore require less proc-
ess heal, Materials for production ot
some metals, solar cells, ¢cement
(based on Ca0, calcium oxide), con-
crete, etc. may be more easily ex-
tracted from highlands although con-
centrates from mare materials will be
adequatc, Some highland materlals
produce a higher-strength, more
transparent glass. For simple buliding
materials, a mare site is superior but
highland materials will work.

shus i ol volcanic igin

Volatiles In lunar samples have been
shown to originale from solar wind
implantation. Concentrations of
hydrogen, carbon and nitrogen, the
most valuable for life support and
propellant, are available from lunar
solls and Tegolith brecclas (a rock
composed of chunks of smaller, older
rocks which have been fused together
in a geologlc process). Because these
elements implant over time on the
surface of mineral grains, their mass
concentrations are highest on smaller
grains in older solls. Goncentrations
are much lower In solid Igneous (vol-
canic) rocks. Retention on lmenite
grains Is preferential to other common
minerals.lt is not clear that the bulk
availability of solar wind-implanted
hydrogen, carbon or nilrogen is suffi-
clent for practical production quanti-
ties of propellant, Other possible
sources of volatlle compounds include
cometary impacts. Water, carbon
dioxide, methane, hydrogen sulfide,
ammonia or other volatlies are unlikely
to last long near the impact points, but
could collect In polar cold traps.

Simple heating of lunar solls to 700
degrees C wlll liberate mos! of the
volatiles, with heating above 1050
degrees C required to obtain most of
the rest. Splar-driven processes could
ylold sufficient gases to make up for
habitat leakage and other losses.
Young crater rims and ejecta blankels
are probably deficient in Implanted
volatlles; other areas with sufficient
regolith depth (probably most of the
Moon) are likely to be satisfactory,
though there may be a preference for
IImonlte-enriched regions.

Speclallzed ore bodies could take
several forms. First, “ore” should be
defined as a natural concentration of
a useful substance 10 a leveland na
form which makes its extraction eco-
nomlcal. Most mineral concentrations
remaln to be discovered. Even on
Earth, ore bodies are seldom discov-
ered and never confirmed without on-
site sampling. At this point we can only
suggest a few kinds of lunar materials
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which might prove important to base
location. A preliminary list could read,
in descending order of Importance:
mare basalt regolith, limenite, iron,
pyroclastic glasses with semli-vola-
tiles, high atuminum content highland
material, and KREEP (Potassium
Rare-Earth Elements, Phosphorus),

limenite has been discussed as a
feedstock for oxygen production by
chemlcal reduction, for its higher so-
iar wind volatiles content, and for the
potential to beneficlate (a preparation
for processing where the useful con-
tent of the menite Is enriched) It from
soll using relatively simple eleciro-
static techniques, Howover, no one
has yet demonstrated that naturally
occunting lunar llmenlte can be ado-
quately separated from accompany-
ing substances to form a suitable cost-
effeclive feedstock. Therefore, il
menite availability as a major siting
criterion could be a trap. Early use of
limenite is less often described In
terms ofa source of iron or titanium.
limenlte is especially abundant (up to
20% by volume) in some Apollo 11 and
Apollo t7 mare basalls. limenite is
most often associated with high- tita-
nium basalls in maria. Metallic iron
and rrickel-iron grains make up a small
fraction of soil, apparently tho product
of meteoroid impacts, lava crystalliza-
tion and a chemically reducing envi-
ronment. While not considered an
important early base siting criterion,
availability of reduced metals such as
Iron could become important later.
Older terrains, with deeper regolith,
presumably have more metallics, i.e.,
iron and nickel, which may be easily
beneficiated magnetically,

For oxygen extraction, magma elec-
trolysis (passing an electric current
through molten rock), high tempera-
ture pyrolysis (alteration through
heat) and fluoride processing are
somewhat sile-independent, though
process energies may vary. limenite
reduction and pyroclastic glass proc-
essing require site-variable feed.
stocks (pyroclastic glasses are typi-
cally tiny broken beads, formedin
explosive meteorold impacts or vol -
canlc events. They form when bits of
molten rock cool too rapidly toform
crystalline grains).

A conclusion of the April, 1990
Johnson Space Centeriunal base
workshop participants bears repeat-
Ing: “... .Weconclude that from the
point of view of resource utilization, a
viable strategy would bo to select a

“high titanium mare site, perhaps on or

near a pyroclastic area, and near a
highland area so that calcium-rich
feedstock would also be available,.

Reference

John S Lewis, Mildred S. Matithews and
Mary L, Guerrieri, Editors, Resources of
Near-Earth Space, University o f Atizona
Press, Tuceon & London, 1983,
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Lunar Base

Speculatinn with regard fo o pormanentiunar buse hios boon with uo elace
Robert Goddard was working en tha firat liquld-fuelled rockets In the 1920's.
With the infusion of duls from the Apollo Moon flights, &a anra speculative
« res Of spaca exploration hasbecome anexaifin pussibliity. A Moon base
is not only a veryroal pos sibllity, but t« probmly a criticel elemont In the
continuation of our piloted wpace programmo. This erticle, originally drafted
by World Spece Faundation volunteers In conjunction with various ace.
demic bid research groupe, oxemines some nf the strateples Involved In
salacting an appropriate 8ite for suchi u Junar base, 8lt6 eslection involves
& number of complex varlablen, Including mw matetials tor powsibie rockot
propollant gonermtlon, hot and eold cyeles, viaw of tha aky (for astronomi-
cal sonnldarations, amang othars), geologlcal makeup of the region, =snd

mara. This arllcle suinmarizes tho huy bnse alting oonslderations mad suggesta aome slternalives. Avallabiiily of
apociflo rosources, Inchuding enerpy ond ccortain mineralx, b rritlenl to duccohs.

Introduction

Ol tlnetey | lunar sydace citoc ox-
plored 10 date, a diversity of fexluiue
and characterislics have baan exam:
ined,  the liest lunar “resourco” ie
infarmation, then the Wiy of a locule
for the insltuand observational st
ences wiil rank high. Ewly sile selec-
tion will be gavarnad by safety, econ-
otry, v Immodiate wlility o f the re.
sources ylready known. Later she
aclections will depend an naw know!
eafe of all typus uf yesources (Fig. 1),

Presant tiscussion of bage ches Is
driven mosi otrongly by the sciantlfic
community with consldueation te engl
neering Inasibllity and oventual re-
source utihizetion. | unnr goology,
nar gsophyslcs and other distiplines
concerning the Moann and its gnvlrons
Gelenvlegy) dominalc ono branch of
scientitle uulization, white use ol e
Moon ac & plattorm for astronomy,
space physivs, farthand solar obrer-
vatlons dominates the other branch,
Overlylng uny diccussion of site ralec.
11011 for. h@5¢ uses ure thé suitability.
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of local tarrain, viewing ot (he Hun,
Carth and hooavane, avalabllity nf
enarqy and hoat refection paths, and
local materlal resnutces,

Oue of the earlicul dircucgions of
lunar base locaton wos pul faille in
1020 by Robert H (inddard, i pioneos
In Amuiican mockelly, He noted, “The
hast location on the Mool would be i
the north of vouth po'e with the [pro
peliam) lquetic in w cratar, from which
tho water of prystaliization may not
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have evaporatad, and with the |solar]
power plant on u sumnit constantly
exposad 10 the dun. Adeyuule piotecs
tion thould, of counsa, be made
agalnst mielewrs, by covering the oc-
sential parls ol e apparatus with
rock.” (oo p. 106, uppar picture),
Many woule atill gredil il with a valid
conclusion, wvan though geologlels
wht uflec different explanatione 1l volu-
liles are lount al the poles, Rucent
ground-based radar indications of the
possibllity of ice near Mercury's poles
wrakens some arguments against e
poasibllity of lunar polat lre hy st~
uesting hat sotur wind arasion may be
lexy Impnrtant than proposed i limir
g fce bulldup.

Larly locales with diverse materials
wre likely (0 motrank locales with e
highest conceniratien ot o single de.
tlred  wubstimee. Yhe  exception mny
b ane elte with o conaentation o
tydtogun e crebon o some fonm,
sueh i jGes o subsuriace Qas tesa
valra. Eearcity of these types ol tedut
na agents has come (o be the doni
nant limitatian in most discussions of
g resowiee ulifization,

Luologlsts want 1w ganiple Bikd e
ord o diversily f (errain tapresonting
e e aeclonic phores of the
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Siting

sclences Invesliyations. far photo
vensltive organisms, polarlocations
tauld offor plpod-in cuntight on any
dav-nght cycle ressarchers might
choose,

Flight machanice Into and ot ol A
base siie can be an lmputlant consid-
wration, Equatorial and polar sites are
1avourgd fur tholr near constant ac.
enxsibility.

G lopes and lemain featuras can be
resources hutuselves, Slopes of for
favoured llumination and Shadowing,
whille eratera offer nat ural depras.
glans tar astronornlunl instruments,
barrlers o tandar exhausi-griven
dabity, 1pacior shlolds &nd othar use:.
Elevation dilerences aiso liyure into
vomo @ nergy storaga schemes,

Sufface mobllity will influonce site
ralection by dictating he range ol Be-
cessibility from a core basa fite. SUb-
sidiary sltens cun scive a vatiety of opo
cialleed purposes, such as mining
whore different orvu aro accasslhie
Sansilive astronomical Instrumgnts
will neod 10 be away from Irequent sur-
tace actvllivs. After accounting for
the diffraction ot the signals of these
acliviies, we find thut If @ main hasa la
located near the liinb as viewed from
Farth (i. &, 90 degrees longrtude), a
subsigiary atle at about 101 dagraas
cast or west longliudo affords suffi
cient radio laniatlon from Farth &t the
liiits cd the Moon's eacl-west ilbratinn
(or "wobhle”). ;

Il wo had to chanra asile loday and
pe cotlain ol na workable, if not at all
eplimat locale. the apolio 15 landing
site ot Hadiey 1ltle (flg. 2) wauld b a
reasonable choice, But we can alrvady
sca superios Rllas, though we do not
hiiow precisely whore I I8 &nfe to pist
the base's firstlandars duwn, Virtually
wll investigatars agirec oh the wisdom
af i lunar poler orbller with sultable
composiiion- measuring Insfruraénts
plus Imaging. Surlara rovars may be
Advisable ut “iinalist” sites, while fele-
oparated (remotely controllen) tovers
will aurcly play an important rola i n
oxploration om any buse sho, Larly
milssions eould even be USed 1o bulld &
cache ol some useful product, guch av
oxygan, 105 yse by Jater numan explu-
era,

As Impoilant i turther lunar recon-
nwizannca IS, terrestrial development
and teoling of akernulive rasource
extraction procusses is easonlial,
Operation nlone of more lunar base
analogs (aa in ground-based cimula.

393 98876
D071 820 1504

S1IUJ'1ION 311
B.1.s

i .

Pl 30 Lutat guipost sl e i '

srine Soloction Critore

The soarch for potential lunar base
sites 1s A comples underisking, (here
are widaly dispersed funar sles of
infores! for known und polentinl ra.
sources, selohoiogy (lhie sclonce of
the Moon and lix anvitons), and obser-
viatlories. Importunt churacteristlee
include certain genioglow nid tepn
graphic leatures, Incal mineral and
roek conposition, solar ilfumination,
viaw of 1-arth and the celestial spheie.
and zoil onglnooring prop erlies (ln.
cluging usavllily ur A construction
materal, etc). Spate vehicle aurlval
and depariurc trajontories faver ng1 -
lorial &nd polar shes, Over time, base
citot wil be davelaped serving aitler-
ent puposes, Information may be the
Initial lunar “resoure €. I the form of
obacrvational and nnorlla research.
1esource-driven sites m Ny oan the
fastaxt growth durlng early derades: ol
lunar development, but selection of
Initial sies 18 Nkely to by driven by
sultability fot s combination of active
tios. ]

O n |y equalorial jocations ulfer
neatly all-gky viewe tnr Astronomy,
whlie most ol the far side offer: 1adio
isnlation. Such isolation ¢ oita offer
radio astronomers i view nb the v
varse Unfenierad 1y television roud

~ wwe SECTION 311
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ate: castly vigodred, sachi- as hydre-
Qen, water ing Catbon dioxide, which
oftan turn fint ta be uselul for sustaln:
ing life and making rocket propsl
lants), in the: v of polar peimafrost,
subrurlace yas 1avervalrs, of canwl
Impaacl remmnants, waould dramatically
Increase the atiraciiveness of such a
aifo {tom a lagistical enppart and sele
notoglcal poinl ol view. N'or example, @
teady sotirce of  water e wollis allow
fthe: manulactere ol hydrogen and
oxyaen 1or the tip howe or to other
deelinations (4 shotild be noted that
no eliatde evidance of ruch volstlles
oxlstxl. With the avaliabliity ol near
conetant sunllght for power genera
ton and puimanently shodowod arear
o ciyogenic {omperatures, polar situs
requite  substantially lask  Eanh
latnched mmdss ad Kwer cquipment
complevity o an inltial base, Poky
shtes are, howover, wclontifically lass,
interesting with el s view of the
uky nnd aheence nf rportant types of
eidin conunon at lower latitudes.
Reliable evidence exisis for areus uf
cettaln quinoral concenvrationk, such
®i5 Hmenie, which could form o feod
wlrv o fot o proposed resource
vatielion wohamen, I addition {o
balngs < sooree lor oaygen ond o
rnenite  entmposed of dron, anium,

fions) wowls otier visluable cxpeari casts nnd a host of other terresitial ] antl uxygent hinhom higher concen
ance af 1 fraction of The cost of making infciferance. A bate in Mare Smythii tratent of colar wind huplapted hy
tistakes o the Moon. Determination | (Fig.3) with subsldiury oulpasts would deagen, caiban, nirogen and. helun,
Id tho most workable and econoitical | be fuvourable far o variety ol pur. Thess whiuents ware npparontly o
rescurce oxtraction pronmsscs Will poses, and would preserve t broad hangted lron the Moot guelng it fue
Influence &nyescurce-driven slic | rasontce Yoxibiity. DIscovery of a1 mation and ovolution, bt minar con
solnctlon, cesslble volatites (vubstansas which | cenuntion: huve culidcted out of the
SPACEFLIOHY, Vol 36, Dooomber 1002 A
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fonuoue plagma discharged from the
sun and il vein across tha Lolar Gye
tern 33 the Solar wing. New data from
n lunor pelar orbiter wre cesentlal for
the NOSt Infotined site sefection.
Lata from {ha first Gallleo WWDY have
alivady  ravealed previously un.
known teatures and will ald suface
mincraloglen!  charactorlzation.

The Present Uadersianding of tse
Moon

‘The lasl unmapped reglon 01 the
Moon, near the south pole, was pho-
tographed during the Dagambear 8,
1980 Galllko Tyby, bt there {8 n great
deal inore thal would be helplut 10
know 1n sclocling bage sites. Fram
Ranger rough Apullo the tend hay
been e open up missiol constraints
to atford betiar scientifio opportuni-
ties. Apollo 13 was sent 1o & ikl mare
region for eafety m contrast, the
APl 17 site waw selactod for ite
gaologlcal diversity withina small
arcn (Flg.4),

The Jast e Afotluy carried o act
of orhital instruments designhes 10
g the surfase ot fine rosolution and
infrx Iy composition, bul mwae. equa-
{01 Il orbits limited their coverage  fo
Icse 1 1 20% of the Mooan, Cryde
peologlc maps ¢ Ine entire  surface
have hoon constructed fram the best
avaliable dald sl all types

Infnrmation needed tor sotacling
the best buvo citer depends on tha
objeclives of thesa bases, However,
some kinds ol daln are reguired {or
nuanly any base, bocal topography Is
anobvious need, canal mostinvestqu-
tore agree that, except for the Immeclh
e viclilly of the Apolio sitea, present
Itormatien is Inadeguate, Even with-
out ¢loeva Hon daln, posilione af lan.
wres are typleslly uicertaln by 1-3 km
rn tha neac side, by 36 ki poleward
ul 6§ degroan latitude, and oy 4. 1 km
on the tar side (L is inpuitant to ve-
member, thatigh, thal \ercestrial ox
plot eis seldom know tholr fountions &
fraction s accurately),

A n orbiting laser altimeaier and &
meitle caung a system offer the pre
{anied) medns lor Improving lunar topo
gruphle mapu, Knowing t1opographle
obstacies 18 essunlinl fur safe ap-
proach from ane daparture (o orbitl, as
wudl ay for deslgning solar power and
thermal radwation instaliations for o
upecific ¢ie. Spatial rasnlition -of 1
meted o Luller iz proforred to cenify
landing sltes.

| he next mont impartant naw inter.
maton probubly concerns the subsur
e mechanical properies, 10 a depth
of &t least a motar, that aflect digging,
1ounaation -ouliding sud vther prepa
I ations at any specille site. Wnere
hinluy s contempleated, such informa-
tlon 15 dmportant 10 o greater depih.
Though the lunwi surface has huan
somewhat homoger 11/ml by impacts,
daos very in klale n! compachion, arain

vatiely uf gaologically iataresling 1ormavons

Fia. 4 Rrow InGicalon e Apbla 17 1anding e qser

slze dhntilbution, size of embedded
ek il etaeg cane Bigatylersd Fuogse
tie: .

Whils comporthona properics 1y
Lo lgss unpttant than foval lupogra
phy uand enll machanics during the
vistliesl Yanar gparaliony, compoui
ton will dommats once resource de
voloprert bLaging. Compoxfiional in
formation Is tharefore highly dosir
able sven balore choosing tha tirst
baso site.

Multispaclfal tuliiule sénsing from
arbit provides neaded regional data,
after whleh surface fraverses arn
besl ot aoudliing fhe moust promising
focalen tong range tovers teleopo
atod rom Vit onirying imaging,
arochamicnt sid qeopliysical jnsh
mants, would he antbla for bolly o6
/erliline st penuiioy wilo goeetaae.
sange  Uloe s thoni faveds togid
continue oty e Dasideh
Dependlig ore e shicatlist of candi
datn shak, ditlerent kinds ol loca! i
formation mity be veslul {or relecting
n nnal site, For a polat sile, @ orbltes
with altimony sl medne imaginu
could gt 5osurvey el varyang
sorfacs Rgiding  condiions o siting
aolar powot getieridon., intoss.
AN NSITUMANts, e e event @ oo
biter dmects indicattons ol volsule!
neat one of the polos, gwrlaco explo
rator may bLe requited lor preciac
location. 1n a simnilar fashion, It could

prove usotal to explore voleanke ar

on ‘Surfece Tranaporlation'.
Lunar surface transportativi is
dotigned y, mavn prople and equip:
menl W accemplish losal ¢bjestives
and per form long diatance misstons
including the mmpping and wurvaylng
of future mintng 1Y resource siten,
Other canstruction tasks, such as
wxcavation « large cquipment aseeme
bly., Wil be accomplished by wpuckally
deglgned constrinlinn equipment,
The vperating conditions for curlace
vehiclos will be very aifferent lrut
1oreontrlul travel ¢ rnrlitiens, The Monn
his vne-sixth the yrrvity i [

lemporature swingr (102 K e A4 1,
or <280°F (o 2970, at the Apolle 1
qita), and almost no magneud fleid @
povide prolection froni radiation, The
vehitles requirea lor (unir apeiation
thust not only curvive thla anviconment
but 00 50 OV indny yoire,

When humang relum i o Mo,

o to—

il
praclically 7ero amosphere, exmanee -

Surface Transportation

I unar Outpost Is the title o1 n publication thiat deplcts noncopta dovaloped
duting the L unar Raan Systems Study undertakon by tho Advencod
Programs OIflluy, In the Cnginooring Directorsto of thn .lahnsen Space
Cnntar, N 1986-88. |t was reconisced at tho thiis thot the spacooraft
concoplo prosentod may net hn tha anes thal will eventually fiy and thel
some of tho sleinunts descrlbed moy not oven be built. s purpnaa was not
to prasant.a preforred path or “road map" 1o the Muon, but to enlighton tho
roader ON tho neodeof flunar ® xplomtinn and developmont, ana to challenge
the resdsr to formulate now ldees ond conaopta. Woprosent hero tha anctioh

tho curlace vehition wilt he designed
with i help of past exporionco -
Apodles mlssions i 12 ann 14 througn
v2ouvl e guaphod Seadded 1 noke
e
S hwe typees sl Banspotiation veticle
will Lae raquited duting the buitdup
phase of tha lunzn outpost an unpies
surdson rover tor lowss ransportation.
i i prassuriard vehlele {or leng.
range travel .
The loecal rovor, LOTRAN (local
ranspotiation vehicle, onprescur
) B dessgned $o) doange of 100 Ko
seith o ot speatt of 105 kmifte e
CASSIVE tanpennine an e oo of
aeetad st whaoeels npplines. e
dcalgn by ediang the pimbier o
MUV Gt ol oppoitunities fo
fuikiree The vohicle 1< fully anleulated
s we Joint, bllowing for obatacle
avnidanee andfor nogoliation, It Can
eAry we rrewmembers plue 850 ke of

1“
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eas, such as the rogion around Aric- | which could make nawial base spel | Matorlul Noaources )
tarchug, for possible vents ark! 13555¢0- s and olher physlenl and compna Frs) cansigetation \-1‘ n.mic-n.n‘ e
cinded. . mineralization. lava iubes | tional features fFlu. ). i BOUreos s glvan 16 site's ability w0
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imyl(md or wo wdditlonul erewmem.
Wik, depenaing un the lask equire:
ments, The second jolnt can be discon-
nectad 100 trips ne requiring the traller
saction,

The prevsurised vahlele system,
M\‘)SI\F’ {1wuvile suriace oppplication
truverse vehlcle), pas a maximum
1unge of 3000 kv with a neminal apeed
ofy0Kmvh. 1l glse has a passive stis
pension in the form ot cono wheels,
Him complela system v & four-placs
mmodular design 10 gllow flexiblity in
mieslon planning P ath of the four
urdts vt be Individually oporated o r
connecied In the twain conligurution
shown below and controlind by the first
Ut the prisgiry control rascarch
vehlele (PCHV). The units loliowing
thi: PCNV are the habitation trallar
unll, the auxillary power carl, and the
sxpociment and sample trailer. Most
tushy, such A3 crew trant for and
mediim  distance survey W sample
collaction, will reqiire onyhy the PCRV,

Fxlremoly long traverses will be
nrcomplished by using a 1anding Cralt
wilh srow module fiylng rannd trip from
lunar orolt, Basing 1he Janding crefl of
the outpost and “happlng” trom $Mt6 10
she would net beod energy efficlent.
Neforence

Jutur At el el Bunar Eesl fideigan RIS
Lnntnt {9RA.
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«npporl Incal operatlons. At least
meter-deep (rind preferably dasper)
regolith (loose soll) 19 desirabla [
burylng Initial habltstinn sltucturas (o
sullisble Jgpih tor long ternm soamlc ray
and solar Ylare shieldinn, 1w 0 meters
of loora m aterlal protecting Inhahitad
structures  fom ol directiony,
nehiavad by a combination 01 trench.
ing wund burylng, i= econcidered ade.
guate. Mechanical properties shoutd
offer ewsy exanuntion, Iimrmite-rich
e (unar “sea”, o1 lowland) wuil
provides slighlly superior rudlation
prolectlon for a given thickness than
tower densily hilgldand moterlal, but
this Is not likely to bo decisive adavan
toge In berm conelruction.

gucond consideratlon i glven 1o
ruducing tha naad for costly Importa
tion of terrestrial matcelw! for functions
caslly teplacco LY unar maiernial.
Perhape -the simplest procnssed linar
mutelsl s cast basall (a family of
ifinoous 10¢ka common 1o the Eanh
nnrf Moun, formod when cerain types
of lava c00l on 1he surlavy, An vaarnple
of basolte arn the majority of the
Hawallan Istands and tuner maria).
Hesults srom Fanh-based testing indh
uote (hat bacalic uppear in ha of sulf-
sble Cotipusitivn o be melted, poured
into forms, and covled 1o bricks and
1 ue complex structural torme, 1 ean
2lso be spun inluinsulating rock wool,
A4 hna been done in some terrestnal
inquatrlcy for docader. Malting and
sintoring (heating any tonnitg without
melting) tamperatures are about 200
dogrees cvelalus foas for lowland maure
basults than for typical highland hate
riale, and \herelore raquire loss proc-
gy huat, Materlals for production of
snme metals, solar cells, cement
(buscd on Ca0, calclum wide), ¢on
crete, 1€, may be moie wasily ex-
tractad from highlands  although “con-
el aws from mare materlale will be
adequate. Some tmghland materials
produce & highet- gicength, mara

40A
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Pt to ThE RIGH dtemwwl 10 oy conlar AASIAICHUS it 1l enleine tewin

tsnsparent glygy, For simple butiaing
materials, & mwe site i cupwrien Lot
highlang materlals will wotk.
Volatites in lunar sramplas have been
shwwin 1o originate fresn aolor wing
lmplantation, Concentratlons ot
hydrogen, carbon amt nitrngen, the
most vatunble lor lite support sad
propallant, are avallable from funa
soits ond regolith drocciue (& re ok
composed ¢l chunks of snw s, ulde
rocks wi deh hava hasn fused logether
Wi d geologic procesa). Becliuse thaso
elemonts implant over ime o n 1he
surface of minaral graing, thair maks
concenbisllong ark highest on amallor
grains In oldar soils. Concantraliony
arc muoh lowor In solid igneous (vol
canie) rocks, Relunllon wi itmenite
graing la prafarantial to othyt common
minerals, It Is nol clew that the bulk
avallability of solar wind-imptanlya
hydrogon, carbvan ar nliragen Is suffi-
clenl fur practical production quanti
tles ol propsliant. (her possible
ovutwet of volatile compounds Ineludte
cometary {mpacis.  Walei, varbon
diovida, mathane, hydrogen sullide,
amumonia of other volallton. ate unlikely
1o fast long near e Impact pointy, but
coutd collect v 1A ol traps,
Shuple heating of lunm aolly 1o 700
degrees (& will hberate most ol the
volalil es, with heating shava 1060
Uegt ees G required e oblaln most of
the rest. Solar driven prosesses coud
ylold sullicient gases to make up fne
habltat louakage «and vihet loase o,
Yaung reater rims and glecta blankets
ate probably daflcient i triplanied
volatiles; othar areas wiln sullivient
regolith depth (probably most Of ihw
W o n) arelikely to be vutlsfactary,
though thete may he d preterence 101
ilmonita- entiched reglons.
Speclallzed vre bodles could 1nke
several forms  Tirst, “ote” should be
Uulined a3 o natur ol concontration of
O usell substance e a level ®od in b
form which mukes its, &xltaclion cco-

Cyeeaye raee VY
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boedly, o 1 wibie e meolefedgus tli Gt

Creek e e vt vl vell bl on
e ity L f b poled Ve i ooty
oy v P o g e It
viliedd niohi geavees ) wylis 1y Yo b
[NTEY: TR aalei e

v endinn s Vol i,
aiete bl ool Clineatle, e,
{vbotdneie Jowaeor @il wennis valn
e Do g odeal it/ 1194,
mafere b D HEED s
Phac paondt Shog i Dlee ppoahe i

Wineamte tes o Deeh Gl cesged gy,
Tacdsd oy o Tt e facton e,
Sheine oo o e b it L highes £ o
Bt e Uandodiiee. o otiaeny, ey T
prosfental o st 8 dee g PPN T gy t
Wolteta anbd g @ i e wnetol coh
eni e flor penito ks e cdedy o e o
Al vty radutivaly, st ngl o electro
siutle lechniques. However, no one
has yol damonstrated that naturally
waardng tunae llimenite ean bo ado
quitely separated rofm accompany
ing substancer tu form a <ulfable fost
wliective leodstock. ‘theretore, it
menite avallabllity as o major siting
criterion <ould be i Gtap. Tady use of
neniie 15 ks ofien Jusuaibed in
terma nf o sontees of dron o fitanium,
lImenite iz capecinlly abundant (up {o
200 by volumey In some: Apalto 11 anu
Apolly 17 neate basabe Hoanlte b
mosl aflens assaclated with high it
ntum basahs in mana. Mataliic ron
and nlckal iron gralng make up a szl
traction of solt, appateitly the product
ol matanrold impacts. lava crystaliza
ton and o choemically reducing  envi.
ronment, While nol cousidered an
important early hasa slting criterion.
nvaikddlity of reduced metats such as
ron could bacome Imponant later,
Oidor terraing, with deeper rngalith,
resuindily huave e metallics, ie.,
ron and nickel. which may be el
heneficluted  magnetically.

1 or oxygen exiraction, mayguv elsc-
frolyele (passing an eloctic curren
Unvugle mnaitlen 1ock), high 1empera
ture: pyrolysis  (niteration 1hrough
hout) and fivoride pracassing fre
suftewlud Leeindepandent, hough
jHOGess  ehergich miy vary, lmonnte
reduction n~nd pytaclactic glass proc
axking requite sihe variable leed:
staeks (pyroalastic glasses are
willy Ainy brekan beade, tormod in
oxplosive mctsorald impacty vl
eunic ourdie They Iorm when blts o)
medlen ok aonl (on apldly o form
crvstliine gpran).

A econctugian of the Aprit, 1990
Jutron Spaace Center lunar baco
workshap partlcipants bears repeat
Ing: ™. We conclude that {from The
point of view of resowce wtllization,
viable sktalegy wauld by 1o select o
high titanlum mare alle, perhape on o
neal o pyroclashe area, and nexr
highlund swen o that raleinm-rich
leedstoch weuld alse bo wvallable,.”
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